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Abstract  
Using a biorefinery approach, biomass polymers such as lignin and carbohydrates can 
be selectively purified from lignocellulosic feedstocks with the aim of generating not only  
lignocellulosic bioethanol but also high value bio-based compounds. Furthermore, the 
efficient use of the entire biomass can increase overall feedstock value and significantly 
contribute to process cost-effectiveness. Therefore, the aim of this work was to 
fractionate the main compounds of the energy crop Miscanthus x giganteus (MxG) using 
‘green’ solvents in order to obtain cellulose-enriched fibres as well as non-toxic streams 
rich in hemicellulose and lignin. Two processing routes were compared: a 1-step 
modified organosolv method for simultaneous lignin and hemicellulose removal; and a 
3-step sequential process using subcritical water extraction for recovery of first 
extractives then hemicellulose, followed by modified organosolv lignin extraction. Both 
methods successfully generated cellulose-enriched fibres that were very similar in 
composition. However, physicochemical analysis of the fibres using scanning electron 
microscopy, Fourier-transform infrared spectroscopy and principal component analysis 
confirmed structural differences resulting from the two processing routes.       
Keywords: Subcritical water; Principal component analysis; Delignification; Biofuel; 
Biorefinery. 
Abbreviations: MxG - Miscanthus x giganteus; SWE – Subcritical water extraction; 
PCA, Principle component analysis. 
 
1. Introduction 
The shift from a petroleum based economy towards one supported by renewable 
resources is not only environmentally beneficial, but it is also believed to be a way of 
achieving a sustainable economy and energy independence [1]. One potential 
renewable resource of current interest is lignocellulosic biomass, for example biomass 
comprising rapidly-growing plants or waste lignocellulosic biomass generated as a 
byproduct of agriculture and food processing [2-4]. In the former category, Miscanthus x 
giganteus (MxG) has been identified as an attractive source of biomass due to its 
potential for high yields even with few inputs (nutrients, irrigation), high photosynthetic 
efficiency, low cost, and adaptability to low-quality land [5]. 
 
The biorefinery concept describes the utilisation of biomass to generate a range of 
products, for example fuels, platform chemicals and high-value chemicals, in a manner 
similar to the refinery of petrochemicals [2]. Interest in the biorefinery concept as part of 
a bio-based economy is increasing with technological advances in agriculture, 
biotechnology and chemistry, as well as societal drivers [2,6]. Moreover, it is believed 
that the successful implementation of an integrated biorefinery platform with the co-
production of valuable products can make 2nd generation bioethanol cost-effective [7,8]. 
In this process, ethanol is generated from the fermentation of monosaccharides 
extracted and depolymerised from the cellulose and hemicellulose fractions of 
lignocellulosic biomass. However, due to the highly recalcitrant structure of 
lignocellulose, extraction and depolymerisation of monosaccharides is a difficult process, 
often with low yield. Moreover, available technologies for lignocellulosic fractionation are 
expensive, and frequently use toxic solvents to access biomass components, presenting 
an environmental concern [9]. 
 
In addition, it is widely reported that lignocellulose treatments to liberate 
monosaccharides result in the formation of fermentation inhibitors, which inhibit the 
production of ethanol from monosaccharides [10]. Thus, prevention of inhibitor formation 
during lignocellulosic processing to monosaccharides would potentially improve 
fermentative production of bioethanol. 
 
An additional aim of biorefinery is similar in principle to chemical refineries: separation 
and purification of multiple commercially viable streams from a single feedstock. As well 
as hexose and pentose monosaccharides, useful for production of bioethanol via 
fermentation, potential streams from the biorefinery of lignocelluose include 
xylooligosaccharides (an emerging potential prebiotic [11]), and a variety of platform 
chemicals such as furan compounds, organic acids and phenolic compounds [12]. 
 
A major current issue with biorefineries using plant biomass as a feedstock is the use of 
harmful chemicals [13]. The use of ‘green’ solvents for lignocellulosic biomass 
processing is not only environmentally beneficial but it also holds the potential to 
generate non-toxic streams that could enhance the potential uses of biomass fractions 
for conversion into high-value products particularly for food and pharmaceutical 
applications [14]. Therefore, the use of subcritical water extraction (SWE) for 
hemicellulose extraction as a ‘green’ solvent is a potentially advantageous option that 
does not require additional catalysts, neutralization steps following processing or 
corrosion-resistant reactors [15,16]. SWE has previously been used for extraction of a 
wide range of different compounds in the biotechnology, food and pharmaceutical areas 
(reviewed by [17]). Lignin extraction can also be performed using ‘green’ solvents in a 
modified organosolv method using non-toxic solvents such as ethanol that can be 
recovered and re-used in the process [18], and alternative catalysts to replace the usual 
mineral acids used in delignification. 
 
The aim of this work was to evaluate two different routes to obtain purified cellulose fibres 
from MxG: a single-step modified organosolv approach; and a three step SWE / modified 
organosolv approach designed to sequentially remove biomass extractives, 
hemicellulose and lignin from cellulose fibres (Fig. 1). Thus, this work proposes 
environmentally-friendly processes in a biorefinery approach as an attempt to fractionate 
lignocellulosic biomass and to obtain purified streams of hemicellulose and lignin and 
cellulose-enriched fibres that can be further processed into a variety of products including 
biochemicals and bioethanol.  
 
2. Materials and methods 
2.1. Materials  
Air-dried Miscanthus x giganteus (MxG) was cultivated in Wales (UK), harvested in 2013, 
and kindly provided by Phytatec (Aberystwyth, UK). MxG used in this work contained (as 
percentage of dry weight): 11.5% of extractives, 22.6% of Klason lignin, and 18.3% of 
hemicellulose (all determined using NREL methods). Glucose (99.5%), arabinose (98%), 
xylose (99%), fructose (99%), cellobiose (98%), 5-hydroxymethyl-2-furaldehyde (HMF) 
(99%), erythrose (75%), and Avicel were purchased from Sigma Aldrich. Cellotetraose 
(95%) and cellohexaose (90%) were purchased from Megazyme, and galactose (99%) 
was purchased from Acros Organics). 
 
2.2. Extraction methods 
2.2.1. Extractives SWE  
10 g (wet weight) of MxG was soaked in 200 mL of distilled water at 50 °C for 20 min. 
The suspension was then ground in a domestic blender for 3 min and placed in a 500 
mL high-pressure reactor (Parr, alloy C276). The reactor was purged and pressurized to 
50 bar using N2 and a heating jacket was set to 120 °C. The extraction lasted for 30 min 
(all residence times reported in this work starts when target temperature was achieved, 
i.e., heating time was not taken into consideration). At the end of the extraction, the 
reactor was cooled in an ice bath. Remaining fibres were filtered and dried completely at 
65 °C. The fibres resulting from this procedure were called 120 °C fibres.  
 
2.2.2. Hemicellulose SWE 
10 g of dried 120 °C fibres were placed in the same reactor as above and mixed with 
200 mL of distilled water. The reactor was purged and pressurized to 50 bar with N2 and 
a heating jacket was set to 180 °C for 30 min. After cooling the reactor in an ice bath, 
remaining fibres were filtered, dried completely at 65 °C and named 180 °C fibres. 
 
2.2.3. Modified organosolv lignin extraction 
The lignin extraction step was performed using a modified organosolv method adapted 
from Roque [19] in which mineral acids were replaced by pressurized CO2 as catalyst.  
250 mL of 50 % (v/v) ethanol in distilled water (50 °C) was mixed with 5 g of starting 
material (MxG, for direct delignification; 180 °C fibres for sequential extraction) and then 
allowed to soak for 20 min before being placed in the 500 mL reactor. In the case of 
direct extraction, the suspension was ground in a domestic blender for 3 min before being 
placed in the reactor. The reactor was purged and pressurized to 50 bar using CO2 and 
set to 200 °C. The reaction lasted 60 min, and then the reactor was placed into an ice 
bath. Remaining fibres were filtered, air dried for 48 h and then dried completely at 65 
oC. Cellulose-enriched fibres obtained after lignin extraction were named DEL in the 
direct route and SEQ in the sequential extraction route (Fig. 1). 
 
2.3. Quantitative/qualitative analysis 
2.3.1. Extractives determination 
The extractives content of the starting MxG material was determined using the National 
Renewable Energy Laboratory (NREL) protocol. This is a 2-step extraction procedure in 
a Soxhlet apparatus using first water (HPLC grade) as solvent for two consecutive days 
for 8h per day, and then ethanol as solvent for the same period of time [20]. Fibres were 
weighed before and after the extractions and the extractives compounds were calculated 
as the mass difference. 
 
2.3.2. Lignin quantification  
Lignin quantification was performed using the National Renewable Energy Laboratory 
(NREL) protocol [21] for Klason Lignin quantification using the Klason Lignin method. 
 
2.3.3. HPAEC 
Sugar analysis in liquid samples were performed by High Performance Anion Exchange 
Chromatography coupled with Pulse-Amperometric Detection (HPAEC-PAD) from 
Dionex/Thermo (ICS-5000) using a guard CarboPacTM PA1 column (4x50mm) and an 
analytical CarboPacTM PA1 column (4x250mm). Oven and detector compartments were 
kept at 30 °C and 25 °C, respectively. Flow rate was 1 mL/min and sample volume 
injected was 10 µL, Milli-Q® water was used as solvent A and in the preparation of the 
other solvents. 200 mM NaOH and 1 M NaOAc were used as solvent B and C 
respectively. 
The method started with an isocratic step using 21 mM of B during 20 min. At 20 min, B 
was increased to 80 mM. Then, from 20 to 60 min, solvent C was introduced from 0-20 
mM and B was kept at 80 mM. A washing step was performed from 60 min in which B 
and C were increased to 120 mM and 40 mM, respectively, and kept constant for 10 min. 
At 70 min, C was set to 0 and B was set to 21 mM for 20 min for column reconditioning. 
Total run time was 90 min per sample. Prior to HPAEC analysis, samples were acid-
hydrolysed in 2 steps in order to break down polymers/oligomers into monomers to 
facilitate quantification. In the first step, 3 mL of 72 % sulphuric acid (Fluka) was added 
to 0.3 g of sample and placed in a 30 °C water bath for 60 min. In the second step, 
distilled water was added to the sample in order to decrease acid concentration to 4 % 
and sample was placed into an oven at 121 °C for 60 min. Fibre compositional analysis 
was performed by two-stage acid hydrolysis as per Klason lignin determination [21] 
followed by HPAEC. 
 
2.3.4. SEM imaging 
Scanning electron microscopy (SEM) images were obtained using a Philips XL30 FEG 
Environmental scanning electron microscopy operating at 10 kV at several amplification 
magnitudes. Prior the analysis, samples were coated with platinum for 120 s using an 
Emscope Sc500 sputter coater.  
 2.3.5. Fourier Transform Infra-Red Spectroscopy (FTIR) 
FTIR was performed in a Jasco FTIR 6300 spectrometer. Samples were analysed with 
no prior preparation. Scans were obtained with resolution of 4 cm-1 and 32 scans 
between 4000-600 cm-1, resulting in 1764 wavenumber variables for each spectrum.  
 
2.3.6. Principal Component Analysis (PCA)  
Principal Component Analysis (PCA) was performed on the FTIR data using the 
Unscrambler® X 10.3 software (CAMO). Prior to PCA, FTIR data was treated using 
smoothing followed by normalisation and 2nd-derivative, respectively, in order to 
decrease noise and increase spectral resolution [22-24]. This combination of data 
treatments was found to give the best clustering on scores plots.  
 
3. Results and discussion 
Two different processing routes were evaluated in order to obtain cellulose-enriched 
fibres from MxG biomass: direct and sequential routes (Fig. 1). In the direct processing 
route, a modified organosolv treatment was used to solubilise and remove biomass 
extractives, hemicelluloses and lignin from cellulose fibres (remaining in the solid 
fraction) in a single step (Fig. 1A). In the sequential processing route, each biomass 
fraction (extractives, hemicellulose and lignin) was sequentially and selectively 
solubilised and separated from the solid fraction in a 3-step process comprising two 
subcritical water extractions (SWEs) of increasing severity and a final modified 
organosolv step identical to the direct route extraction (Fig. 1B). Removal of extractives 
and hemicellulose via the sequential route will first be considered, followed by lignin 
extraction from MxG (via the direct route) or from the fibres generated by the sequential 
route.  
 3.1. Extraction of extractives and hemicellulose via the sequential route 
The sequential route was designed to first remove extractives such as non-structural 
polysaccharides (e.g. starch and pectin), as well as proteins and waxes, which are easily 
soluble in water and/or ethanol. The step to remove these extractives prior to 
hemicellulose extraction was intended to increase the purity of xylooligosaccharides 
(XOS) in the liquid phase in the second extraction step [25]. If the extractives are not 
removed prior to hemicellulose extraction, their removal from the hemicellulose fraction 
is very challenging.  
 
MxG fibres were subjected to the first SWE step (H2O, 50 bar N2, 120 °C, 30 min). 15 ± 
2% of the MxG dry mass was removed as extractives in this step, leaving an extractives-
free solid fraction (named here as “120 °C fibres”; Table 1). HPAEC analysis of the liquid 
extractives fraction revealed the presence of glucose, presumably derived from 
hydrolysis of starch, and very low concentrations (at the detection limit of the HPAEC 
used) of arabinose and xylose, indicating very limited hydrolysis of hemicellulose in this 
step (data not shown). The mass reduction by the first SWE extraction step was slightly 
higher than the extractives content of the MxG fibres as determined by the NREL method 
(11.5%, Table 2); this reflects differences in the methods used, the SWE extraction 
method likely extracting additional components of the MxG not solubilised by the NREL 
method.  
 
The 120 °C fibres generated by the first SWE step were subjected to a second, more 
harsh, SWE step, hemicellulose extraction (H2O, 50 bar N2, 180 °C, 30 minutes); analysis 
of the resultant fibres (named “180 °C fibres”) revealed substantial extraction of 
hemicellulose (from 20.6 % dry weight to 8.8 % dry weight; Table 2). Glucose could not 
be detected in the extracted liquid hemicellulose fraction, revealing that cellulose was 
not degraded in this step. For each 1 g dry mass of 120 °C fibres subjected to 
hemicellulose extraction, 0.78 g dry mass of 180 °C fibres were generated.   
  
3.2. Comparison of delignification using direct and sequential routes 
Direct delignification of MxG fibres using the modified organosolv process (50% EtOH, 
50 bar CO2, 200 °C, 60 min) generates a liquid fraction rich in solubilised lignin, but which 
also contains: hemicellulose and its depolymerisation products (xylooligosaccharides 
and xylose); the decomposition products of hemicellulose such as acetic acid and 
furfural; and biomass extractives. Although lignin can be recovered from this liquid 
fraction [26], separation of hemicellulose from the other components is challenging and 
its use in other processes can therefore be compromised. Comparison of the 
delignification step of the sequential extraction with the direct extraction route reveals 
that direct extraction was able to remove 73 % of the lignin from MxG fibres, whereas 
the organosolv delignification step of the sequential treatment removed 62 % of the lignin 
from the 180 °C fibres. It should also be noted that the hemicellulose extraction step 
(H2O, 50 bar N2, 180 °C, 30 minutes) removed some lignin (equivalent to 12% of the 
lignin present) from 120 °C fibres. The resultant DEL fibres have a lower lignin content 
than SEQ fibres (Table 2).   
 
Sequential extraction resulted in a lower percentage of lignin removal compared to direct 
delignification, most likely due to the severity of the organosolv process. As 180 °C fibres 
had already been exposed to two SWE treatments, it is likely that their lignin was more 
accessible than in the raw MxG. However, the severity of the organosolv process, 
especially under acidic conditions, has previously been associated with a decrease in 
lignin removal due to non-desirable reactions including condensation reactions, 
formation of pseudo-lignin, and/or re-precipitation of lignin into the remaining fibres [14, 
27-29].  
 
3.3. Analysis of final fibre composition 
Comparison of fibre composition (Table 2) revealed that SEQ fibres generated by 
sequential extraction and DEL fibres generated by the one-step modified organosolv 
process had broadly similar compositions; SEQ fibres contained more lignin and less 
hemicellulose than DEL fibres. Assuming that the residual component (ie not lignin or 
hemicellulose) of the fibres was cellulose, then SEQ and DEL fibres were comparable 
in cellulose content.  
 
The fibres and compositions obtained in this work are in agreement with other published 
studies using SBW and organosolv method catalysed by mineral acids extractions in 
MxG. Timilsena et al. [30] reported comparable results for MxG after a similar sequential 
extraction using SWE followed by acid-catalysed organosolv. In their study, the solid 
fibres after the sequential treatment presented mainly glucans (76.6%), lignin (17.3%) 
and residual xylan (5.8%) [30]. El Hage et al. [31] generated fibres containing 14.1% 
lignin after acid-catalysed organosolv treatment of MxG; the use of CO2 as a catalyst in 
this work proved to be a potential replacement for mineral acids presenting comparable 
results for lignin extraction. 
 
3.4. Effect of direct and sequential extraction on the physical and chemical properties of 
delignified cellulose fibres 
The direct and sequential extractions aimed not only to recover and fractionate 
lignocellulosic components (extractives, hemicellulose, lignin), but also to obtain 
cellulose-enriched fibres and modify the structure of the cellulose in order to make it 
more accessible to hydrolysis so to act as a feedstock for second-generation bioethanol 
production by fermentation. Lignin extraction methods are thought to create pores in the 
lignocellulosic matrix, which might facilitate cellulose disruption [32]. 
 
Composition analysis of SEQ and DEL fibres did not show significant compositional 
differences between these fibres (Table 2). However, it remains unclear whether or not 
the SEQ and DEL fibres were physically different, which might impact on subsequent 
cellulose hydrolysis. Scanning electron microscopy (SEM) and Fourier Transfer Infra-
Red (FTIR) spectroscopy analysis were used to compare the physical and chemical 
properties of SEQ and DEL fibres. 
 
Visualising the fibres by SEM (Fig. 2), it is possible to see that the density of lignin 
droplets on the cellulose fibre surface is significantly higher for SEQ than for DEL fibres. 
This increase in density of droplets has been observed before and was attributed to 
increases in the severity of the pretreatment process [33]. Differences in lignin droplet 
size and shape, as shown in Fig. 2E&F, have also been previously observed [34] and 
smaller size and higher density of droplets present on SEQ fibres could indicate that the 
lignin has been more extensively fragmented when compared to the DEL fibres. Hence, 
in theory, cellulose from SEQ fibres is potentially more exposed than in DEL fibres. 
 
FTIR is a rapid analysis method and can potentially indicate differences in chemical 
composition of lignocellulose fibres by differential analysis of generated spectra. 
However, the difficulty of using FTIR in analysis of lignocellulosic biomass is the 
overlapping of peaks due to the presence of large numbers of different chemical bonds 
found in lignocellulose [35]. Indeed, FTIR spectra of MxG, DEL and SEQ fibres were 
extremely complex (Fig. 3A). Therefore, in order to establish a better understanding of 
the chemical characteristics of MxG and the potential for change in chemical properties 
during delignification, the FTIR data were analysed by principal component analysis 
(PCA). FTIR data was manipulated prior to PCA using smoothing, normalisation and 2nd-
derivative functions.   
 
Fig. 3B shows the PCA scores plots for MxG, 120 °C, 180 °C, SEQ and DEL fibres. FTIR 
spectra data for commercial pure cellulose (Avicel PH101) was also used for comparison 
purposes. The scores plots of PCA present the samples grouped by their variability. The 
differences among the samples presented in the scores plot are thought to be chemical 
(composition) and/or structural [36]; therefore, samples in the same cluster present 
similar features. 
 
Samples were successfully separated into defined clusters; such clustering is impossible 
when visually analysing FTIR spectra (Fig. 3A). MxG and DEL fibres both present 
relatively broad clusters compared to the other fibres, possibly indicating their innate 
variability. According to Fig. 3B, it is also possible to suggest a trend in terms of changes 
in principle component 1 (PC1) and PC2 as fibres are processed. From the raw material 
(MxG), every treatment increased the PC1 value of the fibre, visualised in a move from 
left to right on the plot. It is known that each of the treatments performed resulted into an 
increase in cellulose percentage in the fibres, therefore PC1 could correlate to the 
cellulose contents and/or cellulose purity of the fibres. Moreover, the position of Avicel, 
comprising pure cellulose, in the positive region of PC1 supports this suggestion. 
However, SEQ and DEL have very similar cellulose contents (79.9 and 78.9%, 
respectively) and do not have the same PC1 value. Therefore, it is clear that cellulose 
content is not the only feature of the fibres that PC1 describes. 
 
In addition, the sequential and direct processing routes generated fibres that had 
opposite values along PC2 (SEQ fibres being positive and DEL fibres being negative). 
However, the feature described by PC2 is not easily determined. PC2 might be related 
to hemicellulose contents, as the fibre that has the highest PC2 value (120 °C) is also 
the one that has the highest percentage of hemicellulose among all samples. Moreover, 
after losing a significant amount of hemicellulose, the PC2 value of 180 °C fibres was 
significantly lower than that of 120 °C fibres. Nevertheless, it is clear that hemicellulose 
is not the only feature described by PC2 as DEL fibres have higher hemicellulose 
contents than SEQ, but present lower PC2 values. These results indicate that PC2 
describe not one single characteristic, but a group of chemical and/or physical features 
of the fibres. 
In conclusion, although DEL and SEQ fibres presented a similar composition in terms of 
cellulose, hemicellulose and lignin, physico-chemical analysis showed that they are 
rather different and, therefore, it is expected that they will behave differently during 
cellulose hydrolysis.  
 
4. Conclusion 
Using the biorefinery approach, cellulose-enriched fibres were successfully obtained 
from MxG using ‘green’ processes in two routes: 1) direct delignification; and 2) 
sequential extraction followed by delignification. Contrary to expectation, after the 
modified organosolv method step, DEL fibres had a lower percentage of lignin than SEQ 
fibres, most likely due to non-target reactions resulting from the accumulated severity of 
the SWE steps in the sequential route. Nevertheless, sequential extraction is still 
preferred because of the potential of using the liquid streams for high-value product 
generation, which has the potential of economically support production of 2nd-generation 
bioethanol. Although similar in composition, both SEM and FTIR-PCA analysis showed 
significant physicochemical and structural differences between SEQ and DEL fibres.  
 Acknowledgements 
The authors would like to thank CAPES for the financial support to this project, The 
funding body played no role in the design of the study, in the collection or analysis of 
data, or the writing of this paper. We would like to thank Steve Bowra for his input into 
the project. Conflicts of interest: none. 
 
References 
1. A.J. Ragauskas, C.K. Williams, B.H. Davison, The Path Forward for Biofuels and 
Biomaterials, Science. 311 (5760) (2006) 484-489. 
2. B. Kamm, P.R. Gruber, M. Kamm, Biorefineries – Industrial Processes and Products, 
Ullmann's Encyclopedia of Industrial Chemistry. (2016) pp. 1-38 
3. C.N. Hamelinck, G.v. Hooijdonk, A.P.C. Faaij, Ethanol from lignocellulosic biomass: 
techno-economic performance in short-, middle- and long-term, Biomass Bioenergy. 28 
(4) (2005) 384-410. 
4. N. Mosier, C. Wyman, B. Dale, R. Elander, Y.Y. Lee, M. Holtzapple, M. Ladisch, 
Features of promising technologies for pretreatment of lignocellulosic biomass, 
Bioresour Technol. 96 (6) (2005) 673-686. 
5. T. Van der Weijde, C.L. Alvim Kamei, A.F. Torres, W. Vermerris, O. Dolstra, R.G.F. 
Visser, L.M. Trindade, The potential of C4 grasses for cellulosic biofuel production, Front  
Plant Sci. 4 (2013) 107.  
6. A. Demirbas, Biorefineries: Current activities and future developments, Energy 
Convers  Manage. 50 (11) (2009) 2782-2801. 
7. H-J. Huang, S. Ramaswamy, U.W. Tschirner, B.V. Ramarao, A review of separation 
technologies in current and future biorefineries, Sep Purif Technol. 62 (1) (2008)  1-21. 
8. M. Kaylen, D.L. Van Dyne, Y-S. Choi, M. Blase, Economic feasibility of producing 
ethanol from lignocellulosic feedstocks, Bioresour Technol. 72 (1) (2000) 19-32. 
9. Y. Sun, J. Cheng, Hydrolysis of lignocellulosic materials for ethanol production: a 
review. Bioresour Technol. 83 (1) (2002) 1-11. 
10. E. Palmqvist, B. Hahn-Hägerdal, Fermentation of lignocellulosic hydrolysates. I: 
inhibition and detoxification, Bioresour Technol, 74 (1) (2000) 17-24. 
11. A.A. Aachary, S.G. Prapulla, Xylooligosaccharides (XOS) as an Emerging Prebiotic: 
Microbial Synthesis, Utilization, Structural Characterization, Bioactive Properties, and 
Applications, Compr Rev Food Sci Food Saf. 10 (1) (2011) 2–16.  
12. V. Menon, M. Rao, Trends in bioconversion of lignocellulose: Biofuels, platform 
chemicals & biorefinery concept, Prog Energy Combust Sci. 38 (4) (2012) 522-550.  
13. V.B. Agbor, N. Cicek, R. Sparling, A. Berlin, D.B. Levin, Biomass pretreatment: 
Fundamentals toward application, Biotechnol Adv. 29 (6) (2011) 675-685. 
14. P. Sannigrahi, A.J. Ragauskas, in: C.E. Wyman (ed.), Aqueous Pretreatment of Plant 
Biomass for Biological and Chemical Conversion to Fuels and Chemicals, John Wiley & 
Sons, Chichester, UK, 2013, p. 201-222 
15. T. Rogalinski, T. Ingram, G. Brunner, G, Hydrolysis of lignocellulosic biomass in 
water under elevated temperatures and pressures, J Supercrit Fluids 47 (1) (2008) 54-
63. 
16. M.J. Taherzadeh, K. Karimi, Pretreatment of Lignocellulosic Wastes to Improve 
Ethanol and Biogas Production: A Review, Int J Mol Sci. 9 (9) (2008) 1621–1651. 
17. S. Gbashi, O.A. Adebo, L. Piater, N.E. Madala, P.B. Njobeh, Subcritical Water 
Extraction of Biological Materials, Sep Purif Rev. 46 (1) (2017) 21-34. 
18. J.I. Botello, M.A. Gilarranz, F. Rodríguez, M. Oliet, Recovery of Solvent and By-
Products from Organosolv Black Liquor, Sep Sci Technol. 34 (12) (1999) 2431-2445. 
19. R.M.N. Roque, Hydrolysis of lignocellulosic biomass by a modified organosolv 
method on a biorefinery prespective: example of Miscanthus x Giganteus, PhD thesis, 
University of Birmingham. (2013) 
20. A. Sluiter,R. Ruiz, C. Scarlata, J. Sluiter, D. Templeton, Determination of Extractives 
in Biomass (2005) Technical report NREL/TP-510-42619  
21. A. Sluiter, B. Hames, R. Ruiz, C. Scarlata, J. Sluiter, D. Templeton, D. Crocker, 
Determination of Structural Carbohydrates and Lignin in Biomass (2008) Technical 
report NREL/TP-510-42618 
22. R. Hori, J. Sugiyama, A combined FT-IR microscopy and principal component 
analysis on softwood cell walls, Carbohydr Polym. 52 (4) (2003) 449-453. 
23. A.J. Michell, Second-derivative FT-IR spectra of native celluloses, Carbohydr Res. 
197 (1990) 53-60. 
24. F. Xu, J. Yu, T. Tesso, F. Dowell, D. Wang, Qualitative and quantitative analysis of 
lignocellulosic biomass using infrared techniques: A mini-review, Appl Energy. 104 
(2013) 801-809. 
25. A. Moure, P. Gullón, H. Domínguez, J.C. Parajó, Advances in the manufacture, 
purification and applications of xylo-oligosaccharides as food additives and 
nutraceuticals. Process Biochem. 41 (9) (2006) 1913-1923. 
26. C. Arato, E.K. Pye, G. Gjennestad, in: B. Davison, B. Evans, M. Finkelstein, J. 
McMillan (Eds.), Twenty-Sixth Symposium on Biotechnology for Fuels and Chemicals,  
Humana Press, 2005, p. 871-882.  
27. R. El Hage, N. Brosse, P. Sannigrahi, A. Ragauskas, Effects of process severity on 
the chemical structure of Miscanthus ethanol organosolv lignin, Polym Degrad Stab. 95 
(6) (2010) 997-1003. 
28. P. Sannigrahi, D.H. Kim, S. Jung, A. Ragauskas, Pseudo-lignin and pretreatment 
chemistry. Energy Environ Sci. 4 (4) (2011) 1306-1310. 
29. Y. Xu, K. Li, M. Zhang, Lignin precipitation on the pulp fibers in the ethanol-based 
organosolv pulping, Colloids Surf A Physicochem Eng Asp. 301 (1–3) (2007) 255-263. 
30. Y.P. Timilsena, C.J. Abeywickrama, S.K. Rakshit, N. Brosse, Effect of different 
pretreatments on delignification pattern and enzymatic hydrolysability of miscanthus, oil 
palm biomass and typha grass, Bioresour Technol. 135 (2013) 82-88. 
31. R. El Hage, L. Chrusciel, L. Desharnais, N. Brosse, Effect of autohydrolysis of 
Miscanthus x giganteus on lignin structure and organosolv delignification, Bioresour 
Technol. 101 (23) (2010) 9321-9329 
32. R.B. Santos, P. Hart, H. Jameel, H-M. Chang, Wood Based Lignin Reactions 
Important to the Biorefinery and Pulp and Paper Industries. Bioresources 8 (2013) 1456-
1477 
33. L.P. Xiao, Z-J. Sun, Z-J. Shi, F. Xu, R-C. Sun, Impact of hot compressed water 
pretreatment on the structural changes of wood biomass for bioethanol production. 
Bioresources. 6 (2) (2011) 1576-1598. 
34. B.S. Donohoe, S.R. Decker, M.P. Tucker, M.E. Himmel, T.B. Vinzant, Visualizing 
lignin coalescence and migration through maize cell walls following thermochemical 
pretreatment, Biotechnol Bioeng. 101 (5) (2008) 913-925. 
35. A.L. Barnette, C. Lee, L.C. Bradley, E.P. Schreiner, Y.B. Park, H. Shin, D.J. 
Cosgrove, S. Park, S.H. Kim, Quantification of crystalline cellulose in lignocellulosic 
biomass using sum frequency generation (SFG) vibration spectroscopy and comparison 
with other analytical methods, Carbohydr Polym. 89 (3) (2012) 802-809. 
36. L.M. Kline, G.D. Hayes, A.R. Womac, N. Labbe, Simplified determination of lignin 
content in hard and soft woods via UV-spectrophotometric analysis of biomass dissolved 
in ionic liquids, Bioresources. 5 (3) (2010) 1366-1383. 
 
FIGURE CAPTIONS 
 
Figure 1. Scheme of direct delignification and sequential extraction followed by 
delignification. 
 
Figure 2. SEM images for cellulose-enriched fibres.  Fibres visualised are DEL 
(A,C,E); and SEQ (B,D,F). Images magnification: A & B, 500x; C, 1 200x; D, 2 000x; E, 
8 000x; and F, 12 000x. 
 
Figure 3. FTIR analysis and PCA of fibres. A. FTIR spectra of Avicel (pure cellulose), 
DEL and SEQ fibres. B. PCA scores plots for FTIR data after smoothing+2nd-
derivative+normalisation. 
  
Figure 1. Scheme of direct delignification and sequential extraction followed by 
delignification.  
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Table 1. Mass balance for direct and sequential extraction routes. 15 
Sequential 
route 
MxG 
(unprocessed) 
120 °C fibres 180 °C fibres SEQ fibres 
Dry mass 1 ± 0.10 g 0.85 ± 0.02 g 0.66 ± 0.03 g 0.44 ± 0.03 g 
Direct route MxG 
(unprocessed) 
DEL fibres   
Dry mass 1 ± 0.10 g 0.48 ± 0.03 g   
 16 
Masses are quoted in terms of dry mass; mean values ± standard deviations are given 17 
from multiple extraction experiments. 18 
 19 
  20 
Table 2. Fibre compositions as percentage dry weight. 21 
 MxG 
(unprocessed) 
120 °C 
fibres 
180 °C 
fibres 
SEQ 
fibres 
DEL 
fibres 
Extractives† 11.5 ± 0.05 ND ND ND ND 
Hemicelluose: 18.3 20.6 8.8 4.8 7.2 
Xylan 17.1 ± 1.1 19.2 ± 1.9 8.4 ± 0.8 4.8 ± 0.3 7.2± 0.6 
Arabinan 1.0 ± 0.01 1.1 ± 0.01 
0.3 ± 
0.001 
- - 
Galactan 0.2 ± 0.00 0.3  ± 0.00 
0.1 ± 
0.000 
- - 
Klason lignin 22.6 ± 0.6 25.4 ± 0.2 28.9 ± 0.7 16.4 ± 0.5 
12.9 ± 
0.5 
Cellulose* 47.6 54.0 62.3 78.8 79.9 
 22 
Percentages are quoted as mean values ± standard deviations from multiple extraction 23 
experiments. Fibre composition was determined for a random sample of each type of 24 
fibres. † Quantity of extractives in MxG were determined using the NREL method. * 25 
Cellulose concentrations were not measured, but were assumed to constitute the 26 
balance of the mass of each fibre.  27 
 28 
 29 
